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Abstract-In this paper, the automatic generation method of the required basic mechanisms for use in a limit analysis of truss structures subjected to progressive collapse is presented. Constraint equations are written to ensure rigid body motion of all members and at the same time releases are introduced. The set of equations thus generated may be solved resulting in a set of basic mechanisms. These mechanisms are expressed in terms of the assembled structure's external degrees-of-freedom so that some additional modification is necessary to put them in the usual form of relative deformations for each member. The procedure only requires the joint geometry of the structure and the member connectivity. The method is therefore ideal for programming and removes the necessity for hand generation of the basic mechanisms in a limit analysis.
Index Terms-Limit Analysis; Rigid Body Dynamics; Structural Failures; Structural Analysis; Equations of Motion.
I. INTRODUCTION
Progressive failure of a structure involves analyzing the response of a structure due to damage of one or more members of the structure. This loss or failure of a member or members causes force redistribution to the remaining structural members and may lead to collapse.
Even if buildings are partially damaged by accidental events that have not been foreseen, a specific design technique, by which the damage does not cause fatal gravitational collapse or progressive collapse, and a technique to improvement load carrying capacities efficiently are required [1] , [2] .
Truss systems have been used extensively and reliably for structures that cover large open areas, bridges, transmission towers, offshore platforms, and so forth, since they combine high strength with low weight. A number of truss systems are used to span large open areas. For example, spherical surfaces are subdivided using Schwedler, Lamella, Grid, Parallel Lamella, and Geodesic Domes. Trusses, because of their large degree of static indeterminacy, are often assumed to have sufficient redundancy such that loss of one member would cause force redistributions that can be accommodated by the remaining structure.
For performing a limit analysis of frame or truss utilizing the mechanism method, a complete set of independent elementary mechanisms, should be available. Basically, the geometry of structure determines the elementary mechanisms. In addition, making a judgment about the locations of potential plastic hinges or axial elongation mechanisms is necessary. If the loading can be approximated Published on September 21, 2017. Arash Naji is with the Sadjad University of Technology, Mashhad, Iran (e-mail: a_naji@sadjad.ac.ir).
in the form of concentrated loads and moments, the problem of hinge location can be handled, because joints can be placed at all such load points and member intersections. As a result, the structure is modeled as an assemblage of beam segments and hinges will form at the ends of these segments and also each segment will elongate or shorten [3] . However, accounting for the overall geometry cannot be handled easily.
Asprone et al., [4] , used the plastic limit analysis to evaluate the collapse load factor. They have then implemented the linear programming algorithm in a simulation-based probabilistic procedure for multi-hazard risk assessment of blast-induced progressive collapse in a seismic zone.
Nigro et al., [5] , proposed a probabilistic approach integrating the Monte Carlo simulation with plastic limit analysis in order to assess the probability of failure of a structure subjected to fire. Beyond the limitations related to the simplified assumptions, the outcomes of the analyses demonstrate the potential of the approach for choosing fire scenarios by means of a probabilistic procedure and for evaluating the probability of fire-induced progressive collapse.
Naji [6] , modelled the effect of catenary action on the resistance of concrete frame structures to progressive collapse, using limit analysis. Non-linear optimization is performed for this. It is observed that although frame action is known to be the main mechanism resisting progressive collapse, at the end of this action, after rupture of bottom bars, catenary effects may bring about a noticeable increase in the resistance of the structure.
All the above papers, used the method proposed by Grierson and Gladwell [3] , for mechanism generation. For standard types of structures such as multi-bay, multi-story buildings where all member intersections are orthogonal, the generation of the required mechanisms is tedious but manageable. However, for many nonstandard configurations, like trusses, it's very difficult task to identify these mechanisms.
In this paper, the automatic generation method of the required basic mechanisms for use in a limit analysis of truss structures is presented. Constraint equations are written to ensure rigid body motion of all members and at the same time releases are introduced. The set of equations thus generated may be solved resulting in a set of basic mechanisms. The method is therefore ideal for programming and removes the necessity for hand generation of the basic mechanisms in a limit analysis. Therefore, it can be used for mechanism generation of frame structures with modification.
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II. RELATED WORKS
The unfortunate failure of the Hartford (Connecticut) Coliseum space roof truss in 1978 has resulted in extensive research on the progressive failure of space trusses [7] .
Progressive collapse analysis of space trusses was first conducted in Murtha-Smith [8] . The results presented of the analyses performed on a hypothetical space truss and on a constructed space truss show that progressive collapse could occur following the loss of one of several potentially critical members when the structures are subjected to full service loading. However, when the structures were evaluated using the American National Standard ANSI A58.1-1982, the structures were found to survive with a small margin of safety. It is suggested that to improve resistance to progressive collapse the compression members and diagonal members along and adjacent to the column line should be designed with higher factors of safety than those currently used, particularly in the middle half of the span.
Blandford [9] , reviewed two-and three-dimensional analyses for truss structures with a particular focus on progressive failure. The review begins with a general discussion of truss structures followed by a presentation of the geometric nonlinear formulations for these structures. Member failure models and their implementation into truss analyses are discussed next; first elastic post-buckling member failure then member failure models including inelastic post-buckling response. This is followed by an overall discussion of quasi-static constitutive models, both analytical and empirical.
Astaneh-Asl [10] , and Miyachi et al., [11] , investigated the sudden collapse of the steel truss bridge I-35W over the Mississippi River in Minneapolis, Minnesota, United States. This bridge collapsed on the 1st of August 2007 and there were many victims in this disaster. These studies clarify the collapse process, buckling strength, and influences of live load distribution and the span ratio on a steel truss bridge.
III. PROPOSED METHOD

A. Restraint Equations for 2D elements
The member must move as a rigid body within the mechanism, unless an axial collapse occurs within a member. Thus, it is essential to write equations that can enforce this requirement. Therefore, a coordinate transformation is introduced on the member generalized coordinates that separates the rigid body motion from the member deformation.
Consider the bar element as shown in Fig. 1 . The rigid body modes can be chosen as:
Note that any rigid body motion can be represented by some combination of these coordinates. Two more independent coordinates are required to complete the transformation. These are as follows: For any mechanism, except axial hinges that occur, all members move as rigid body. Deformation of each member must be prevented by forcing the deformation coordinates for each member to remain zero during the mechanism. To do this, the constraint matrix j C should be defined. 
In which m is the number of truss members. This provides the relation: Combining (8), (11) and (12) However, no such solution exist, unless the structure is already a mechanism. In other words, (16) is overdetermined and no nonzero solution exists, even if m is equal to N, the structure is statically determinate and again no nonzero solution exists. This is to be expected because the assembled structure was not intended to be a mechanism without the formation of axial hinges.
To solve this problem, releases that will provide the possibility of mechanism formation should be introduced. To keep the generality of the method, one release per element will be inserted. Insertion of a release is equivalent to adding an external degree-of-freedom.
Consider the equations obtained by combining (11) 
C. Computation of Works
In limit analysis, it is necessary to compute both the external work done by the applied loads on the basic mechanisms and the internal work performed by the plastic axial deformation by each mechanism. The external work is determined by:
In which R is the column matrix of external loads associated with the external degree of freedom r for unit value of load factor  , and e is the column matrix of mechanism work measures.
To compute the internal work, it is first necessary to determine the deformation requirements imposed on each member in the unreleased structure by the basic mechanisms.
The simplex algorithm implemented in Matlab is used to solve the problem of 24.
IV. NUMERICAL EXAMPLES Example 1-The star dome truss geometry and loading are shown in Fig. 2 with P= 1 kN. Cross-section and material properties are: A=20mm2, I=113mm4, E=200,000 Mpa. The collapse load factor  obtained by proposed method is equal to 1.523, while by conducting IPB analysis [9] , the value of  is 1.618. Fig. 2 . Star dome truss geometry and loading [9] .
Example 2-The circular dome truss geometry and loading are shown in Fig. 3 with P=10 kN. Cross-section and material properties are the same as Example 1. The collapse load factor  obtained by proposed method is equal to 1.086, while by conducting IPB analysis [9] , the value of  is 1.175. Fig. 3 . Circular dome truss geometry and loading [9] .
V. CONCLUSIONS
A general procedure has been proposed to generate a complete set of basic mechanisms for use in progressive collapse analysis of truss structures. Information to describe the geometry and connectivity of the problem are the only requirements. Constraint equations are written for each member and then releases are added that results in a set of undetermined equations. Computation of the internal work then leads to mechanism expression in terms of relative deformation of each element. Linking to linear programming procedure, the collapse load can be generated. The scope of this paper has been limited to truss type structures, but it is extendable to frames.
